We have established an instrumental neutron activation analysis (INAA) method, including k 0 -based INAA, at the Korea Research Institute of Standards and Science (KRISS) for the certification of reference materials. As part of establishing INAA measurements, KRISS infant formula certified reference material was analysed for multiple elements at three different metrological institutes: KRISS and NIST for the standard comparator method, and JSI for the k 0 -INAA method. The mass fraction of most elements was consistent within expanded uncertainty (k = 2). In addition, the results were used to verify the validity of elemental analysis of Zn using the standard comparator INAA at KRISS, and spreadsheet-based INAA calculations were evaluated.
Introduction
Isotope dilution-mass spectrometry (ID-MS) and standard comparator instrumental neutron activation analysis (INAA) methods have been recognized as primary ratio methods for elemental analysis by the Comité Consultatif pour la Quantité de Matière: Métrologie en Chimie et Biologie (CCQM, Consultative Committee for Amount of Substance: Metrology in Chemistry and Biology) [1] . Our research team at the Korea Research Institute of Standards and Science (KRISS) has established the ID-MS method for the certification of elements in matrix certified reference materials (CRMs) [2] [3] [4] . Compared with other analytical methods, such as graphite furnace atomic absorption spectrometry and X-ray fluorescence spectrometry, ID-MS has advantageous performance, such as high accuracy with low uncertainty. However, ID-MS method cannot be applied to mono isotopic nuclides because at least two isotopes should be present in the analyte. In addition, chemical pre-treatment may occasionally be difficult for ID-MS depending on the substrate, and the elemental abundances of the samples may become biased/altered during chemical treatment. Therefore, establishing an alternative method that can be applied to all kinds of matrices and element analysis is necessary.
INAA can be a complementary method to ID-MS because it allows element analysis, including mono-isotopic, without chemical treatment. INAA is theoretically simple with easy-to-formulate uncertainties for all parameters [5, 6] . Two kinds of INAA methods, standard comparator and k 0 -based single comparator (k 0 -standarization), can be applied to absolute elemental quantifications. In the standard comparator INAA method, a sample and standard should have a similar matrix, within an appropriately similar concentration range, with the same dimensions, and undergo identical counting conditions to achieve high accuracy results with low uncertainty [1] . However, in most cases, obtaining matrix-matched reference materials for complex substrates can be difficult. The k 0 -standarization INAA (k 0 -INAA) method overcomes these limitations of the standard comparator INAA method. In k 0 -INAA method, gold (Au) is used as a comparator (standard) for simultaneous determination of mass fraction values of all possible elements in the sample [7, 8] . The method uses composite nuclear constants for nuclides, which were experimentally determined and normalized to Au nuclear data. However, this method typically results in greater measurement uncertainties as compared to the standard comparator method.
In the past decade, the contribution of INAA to interlaboratory comparisons and/or key comparisons studies in CCQM and the application of INAA has decreased because of the lack of expert users and limited facility access. Nevertheless, and for the reasons stated in the previous paragraph, several national metrology institutes (NMIs) and designated institutes use INAA method for the certification of elements in matrix CRMs. For example, the National Institute of Standards and Technology (NIST) in the United States conducts the standard comparator method, whereas the Jožef Stefan Institute (JSI) in Slovenia practices the k 0 -INAA method for the certification of CRMs, and actively participates in inter-laboratory comparison studies, such international proficiency tests and key comparisons. In addition, NIST and JSI maintain nuclear reactor facilities, and have access to some of the best technology in this field [9, 10] . KRISS is also conducting INAA research through the joint research centre for development of standard materials using the multi-purpose research reactor HANARO at the Korea Atomic Energy Research Institute (KAERI).
The standard comparator INAA method is currently being used by NIST [1] . When samples and standards with similar matrices and shapes are irradiated together then several terms of a complex irradiation equation are dropped out as all the materials have experienced the same neutron energy field [1] . In general, NMIs, such as NIST and KRISS, have their own elemental standard solutions for each element; hence, the standard comparator method is preferable to use at NMIs. However, multiple standards for the elements of interest must be produced, and if large differences between the standard and the sample matrices are present, the accuracy and precision of the measured values is reduced [1] . The k 0 -INAA method can be utilized independently or in parallel to the standard comparator method to address these reductions in accuracy and precision.
In the k 0 -INAA method used at JSI, the relative number of neutrons applied to the sample is obtained by irradiating the neutron monitor, Au in this case, together with the samples. The relative k 0 constant (i.e., composite nuclear constant) for the element of interest is used to determine the concentration of the analyte based on a single comparator sample. For k 0 -INAA method establishment, the efficiency of a high purity Ge gamma spectrometry (HPGe) detector (ε p ), thermal-toepithermal neutron flux ratio (f) and parameter describing the epithermal flux deviation from the ideal 1/E distribution (α) should be accurately determined. Other parameters, such k 0 factors, Q 0 (resonance integral to 2200 m s −1 crosssection ratios), σ th (thermal neutron cross-sections), and σ e (epi-thermal neutron cross-sections), can be obtained from the literature [11, 12] . In the k 0 -INAA method, the accurate determination of the detector efficiency and nuclear reactor parameters, such as f and α, are essential. In addition, if the irradiation facility is not capable of producing a reliably, unchanging or stable neutron spectrum, then reliability of the measurement will be reduced [13] . There are relatively large uncertainties in the k 0 constants themselves (typically about 1%) and detector efficiencies (typically about 2%), and the uncertainty of each reactor parameter is generally large (typically over 3%), thus, the uncertainties of an overall measurement are greater than uncertainties from the standard comparator method for the same radionuclide [6] [7] [8] . In contrast, it has a great advantage in that many elements can be analysed simultaneously without standard preparation. Recently, several researchers have focused on the redetermination of the nuclear parameters (k 0 , Q 0 , σ th , σ e , and resonance parameters) of k 0 -INAA to obtain highly accurate values for each nuclide [12] . In other studies, the relative comparator method and k 0 -INAA method have been compared for some matrices (soil, sediment, pottery, and pyrite) [14] [15] [16] [17] for quality assessment purposes.
As part of the establishment of the INAA method at KRISS, the KRISS infant formula CRM was analysed at NIST and KRISS using the standard comparator method and at JSI using the k 0 -INAA method in the present study. Results were compared with KRISS certified and information values. The application of Excel (Microsoft Corporation, Redmond, WA, USA)-based calculations for standard comparator INAA data processing and uncertainty budgeting was also evaluated.
Experimental
KRISS infant formula CRM (KRISS CRM 108-02-004) was used for the comparative experiments at NIST, JSI, and KRISS. KRISS certified the mass fractions of eight elements (Ca, Cl, Cu, Fe, K, Mg, Se, and Zn) using the ID-MS method, and they were provided as certified value [2] . For three elements (Mn, Na, and P), they were provided as information (consensus) values via comparative analysis using the inductively coupled plasma (ICP)-MS and ICP-optical emission spectroscopy (OES) methods of the collaborating expert laboratories.
KRISS uses KAERI's reactor (HANARO), whereas NIST and JSI use their own reactors. As part of establishing INAA measurements at KRISS, the infant formula CRM was analysed in three different NAA facilities. The [20, 21] ; JSI IC-40: ϕ = 1.1 × 10 12 cm −2 s −1 , f = 28 [10, 14] ) used in the present work. Brief experimental conditions are summarized in Table 1 .
NIST
A total of 16 elements (Al, As, Br, Ca, Cd, Cl, Cr, Cu, Fe, Hg, K, Mg, Mn, Na, Se, and Zn) were analysed using the standard comparator method at NIST [20, 22] . Six subsamples were taken from two different fresh bottles (each bottle with three sub samples) of material for analysis using short and long irradiations. Approximately 200 mg of the sample was wrapped in cellulose paper (Whatman ® ashless filter paper No. 542, Ø 55 mm) and then pressed under a pressure of 4 tons (~ 39,000 N) to form a pellet with a diameter of 13 mm and thickness of approximately 2.6 mm. The dry mass correction factor of the sample was 1.0184 (unitless, 1.81% moisture content), which was obtained by drying four 0.5 g samples in an oven at 90 °C for 6 h. NIST SRMs 1849a [23] and 1869a (infant/adult nutritional formula) were used as quality control (QC) samples (≈ 2.7 mm thick.), and cellulose paper (≈ 1.5 mm thick.) was also analysed for blank corrections. The QCs and blanks were pressed in the same diameter pellet die and with the same pressure as the samples. Whatman ® ashless filter paper contains negligible level of impurities for the most of elements. In the case of Ca, Cl, Na, and Fe, however, it includes mg/kg level of impurities, and thus, more careful analysis is required when analysing samples with low mass fraction of these elements. Al, Br, Ca, Cl, Cr, Fe, Mn, Na, and Zn were corrected for impurities in cellulose paper in this study. Standards were prepared using dry mass corrected high-purity materials or NIST elemental standard solutions. Long irradiation was conducted for 8 h with an axial flip after 4 h, whereas short irradiation was conducted for 1 min, both using the RT-2 pneumatic tube with the reactor running at 20 MW power. The flux and f values for the RT-2 position with reactor power at 20 MW are 3.4 × 10 13 cm −2 s −1 and 350 (unitless), respectively. For long irradiation, a single rabbit containing all the samples, standards, and QCs was inverted in the middle of the irradiation; thus, the rabbit was irradiated without flux monitors [1] . For short irradiation, each rabbit contained a single sample/QC material and a standard, and each sample/QC and standard were irradiated between two Ti foils (0.025 mm thick., 99.94% Alfa Aesar) to correct for positional neutron flux variation. After the appropriate cooling time, gammaray spectrometric measurements were conducted using an HPGe detector coupled with a DSPEC-50 and Maestro 1 software (Ametek/Ortec Inc., Oak Ridge, TN, USA), and Genie (Canberra Industries Inc., Meriden, CA, USA) VMS operated in LFC mode to acquire the spectra, respectively [20] . The calculation of the measured mass fractions and their associated uncertainties was performed using a spreadsheetbased INAA calculations developed at KRISS.
JSI
A total of 19 elements (Al, As, Br, Ca, Cd, Cl, Cr, Cs, Cu, Fe, Hg, K, Mg, Mn, Mo, Na, Se, Sr, and Zn) were analysed using the k 0 -INAA method at JSI. Three subsamples, taken from one fresh bottle of material, were used for each short and long irradiation. Approximately 250 mg of material was formed into a pressed pellet without cellulose paper. NIST SRM 1547 (peach leaves) [24] was used as the QC sample. Dry mass measurement was carried out using P 2 O 5 as a desiccant for 7 days, with the final mass factor being 1.0189 (unitless, 1.89% moisture content) calculated as the average of three independent aliquots of about 0.7 g. Long irradiation was performed for 12 h at the IC-40 position and short irradiation for 5 min at the same position in the carousel facility of the 250 kW TRIGA Mark II reactor. The f and α values for the IC-40 position are 28.63 ± 1.6 (unitless, k = 1) and − 0.0011 ± 0.0004 (unitless, k = 1), respectively. For the long irradiation, only two samples/standards/QCs were placed between Al-Au foils (IRMM-530R, Al-0.1%Au alloy) in the sample rabbits, and one Al-Au foil per sample was used for the 5 min irradiation. After irradiation, each sample was measured three times at different cooling times. An absolute efficiency calibration of the HPGe detector was conducted using coincidence-free radionuclide sources. The peak area was determined using HyperLab program (Hyper-Labs Software, Budapest, Hungary) version 2002 [25] , and effective solid angle and the mass fraction of elements were calculated using KayWin ® software (k 0 -ware, Heerlen, The Netherlands) version 2 [26] . A detailed procedure for the determination of neutron spectrum parameters and detector efficiency is explained in previous studies [27, 28] .
KRISS
The standard comparator method was used to analyse the Zn element at KRISS. Two subsamples were taken from a fresh bottle for a long irradiation. Along with samples, two Zn standards and three flux monitors (Fe foil) were irradiated together at PTS-1 for 2.5 h in the 20 MW (partial power) HANARO reactor, which has an approximate flux of 1.1 × 10 13 cm −2 s −1 and f = 1010 (unitless). Samples and standards were made into a pellet using a 13 mm diameter pellet press and cellulose filter paper, similarly to the samples prepared at NIST. Sample, QC, and standard pellets had similar matrices with respect to their neutron absorption and scattering parameters during irradiation. The pellets were also created with the same die set so their physical geometries were also similar. The dry mass correction factor of the sample was 1.0116 (unitless, 1.15% moisture content), which was dried about 0.5 g of four replicates for 7 days with P 2 O 5 desiccant. The P 2 O 5 desiccator method is recommended for dry-mass correction in the infant formula CRM certificate. In our measurements, we applied P 2 O 5 desiccant at JSI and KRISS and oven dry method at NIST. Despite using two different methods, we got similar moisture contents (1.81% at NIST vs. 1.89% at JSI vs. 1.15% at KRISS), and the uncertainty contribution from the moisture content measurement (u ran,rel < 0.02%) to the overall result is negligible (see Table 3 ). A Zn standard was prepared by aliquoting the KRISS Zn primary reference material solution on Whatman ® cellulose filter paper, drying it for 2 days, and then pelletizing. Fe foil (0.1 mm thick., 99.995% Alfa Aesar) was used to correct neutron flux variations between samples in the irradiation rabbit. Each sample and standard were sealed with two layers of polypropylene (PP) and polyethylene (PE) films, and placed in the sandwich form at the centre of the rabbit. The arrangement of the samples in the rabbit is shown in Fig. 1 . PE film was washed with high-purity acid to prevent any contaminations, and PP film (X-ray spectro-film, 6.3 μm thick., SOMAR international INC.) was used without any treatments. PE and PP films were removed after irradiation, and the irradiated materials were sealed within new PE film. An HPGe detector was used for gamma-ray measurement, and the Hypergam program (Seoul National University, Seoul, Republic of Korea) version 1.3 [29] was used for peak area determination. The Zn mass fraction value and related uncertainty were obtained using the developed INAA spreadsheet-based calculations. KRISS used the HANARO reactor at KAERI to irradiate samples for 2.5 h. After approximately 40 days of cooling, the samples and standards were measured twice at an interval of about 1 week at the same distance from the HPGe detector for 24 h, the standard for 2 h, and the Fe foils for 1.5 h. A typical gamma-ray spectrum of the sample, the standard, and Fe foil analysed at KRISS is shown in Fig. 2 . The area of the 1115.52 keV peak, corresponding to 65 Zn, was determined using the Hypergam [29] , and the mass fraction and uncertainty were calculated using the KRISS developed INAA calculations. Since both the standard (≈ 1.3 mm thick.) and the sample (≈ 2.6 mm thick.) are sufficiently thin pellets and small in size with a diameter of 13 mm, if the distance between the detector and the sample is at least 10 cm, the effect of the solid angle difference is negligible. Other effects, such as pile up and coincidence, do not significantly affect the mass fraction calculations if samples were counted far from the detector (> 15 cm) and had sufficiently low dead-times (for this study, less than 0.2%). The peak at 1099.25 keV is the 59 Fe nuclide peak of flux monitor, the flux correction factor was used to calibrate spatial and temporal flux gradient within the rabbit. In addition, neutron self-shielding [30] [31] [32] and gamma-ray attenuation effects [33, 34] were also calculated by INAA spreadsheet-based calculations.
Results and discussion
Comparative studies were conducted using KRISS infant formula CRM at NIST, JSI, and KRISS. Figure 3 shows a typical gamma-ray spectrum for measuring long-lived isotopes in infant formula samples which were analysed at NIST, JSI, and KRISS. The three reactor facilities have different thermal neutron fluxes, and different cooling times were used; thus, the spectrum showed different background features and elemental peaks overall.
Results of the comparative analysis of KRISS infant formula CRM at NIST, JSI, and KRISS are shown in Table 2 . For comparison, the differences were calculated from the KRISS certified values. The k 0 -INAA method results were compared to the results of NIST in Table 2 for the elements without KRISS certified or information values. For NIST and KRISS, element impurities (Al, Br, Ca, Cl, Cr, Fe, Mn, Na, and Zn) from cellulose paper were corrected because samples and standards were packaged in cellulose paper.
JSI has been accredited to k 0 -INAA method in accordance with ISO/IEC 17025:2005 (General requirements for the competence of testing and calibration laboratories, International Organization for Standardization, Vernier, GE, Switzerland) since 2009 (Accreditation Certificate at NIST). For Hg and Al, the difference in relative value is notable; hence, the value is divided or multiplied by a factor of two to be visualized in a single graph LP-090) for analysing samples of various matrices (soil, sediment, ores, sewage sludge, biological samples, foodstuff, and fuels) based on detection limit, concentration range, and uncertainty. The values labelled # in Table 2 refer to a non-accredited activity in accordance with the LP-090 accreditation certificate, as the result is beyond the scope of the range of testing or the specified uncertainty. A proficiency testing program is either ongoing or scheduled for As and Hg at the Korea MFDS (Ministry of Food and Drug Safety), thus, only the relative differences between the standard comparator and k 0 -INAA method are presented here.
Multi-elemental comparison of k 0 versus standard comparator-INAA
Comparing the KRISS certified values with INAA results showed that all of 16 elements were consistent within the expanded uncertainty, except for Al, Hg, Mg, and Mn obtained by NIST and JSI as shown in Table 2 . Mg ( 27 Mg, T 1/2 = 9.462 min), which has a gamma-ray interference ( 27 Mg = 843.8 keV, 56 Mn = 846.8 keV) with the longer half-life 56 Mn (T 1/2 = 2.579 h), makes it difficult to determine the peak area of the major gamma-ray. In addition, other gamma-ray of 27 Mg at 170.7 keV and 1014.4 keV can be used, but they have reduced emission rates (0.8% and 28%, respectively) which result in significantly lower peak areas and consequently greater uncertainties. In case of the JSI results, the Mg value is significantly different from the KRISS certified value for the result obtained from 27 Mg at 1014.4 keV due to relatively poor counting statistics (about 7%). The result obtained for Mg from 27 Mg at 843.8 keV as well as the weighting average from both peaks (843.8 keV and 1014.4 keV) is consistent with the certified value due to better counting statistics at 843.8 keV (below 3%) and use of the weighted mean approach. By the use of the gamma spectrometry and HyperLab software, we were able to deconvolute the multiplet of the 27 Mg and 56 Mn peaks at 843.8 keV and 846.8 keV, respectively, and utilized favourable cooling time for the measurement of 27 Mg (T d ~ 6 min).
In the same manner, Mn is an element requiring careful analysis or counting conditions because it has an interference from Mg in INAA measurements. The mass fraction of Mn analysed by INAA was higher than the information value obtained by KRISS (the NIST value is still consistent within the expanded uncertainty), although measurements were obtained after at least three half-lives of the Mg to eliminate the 27 Mg influence of gamma emission at 843.8 keV ( 56 Mn, E γ = 846.8 keV). KRISS could not apply the ID-MS method on Mn (mono-isotopic); thus, KRISS only provided the mass fraction of Mn as an information value. Therefore, additional studies are necessary to clarify the cause of differences in mass fraction values. Table 2 and Fig. 4 show also some discrepancies between results for Al and Hg obtained by NIST and JSI. Differences for Al ( 28 Al, T 1/2 = 2.2406 min) can be explained due to the relatively low mass fraction of Al and high detection limit. In the case of Al, only one of the three samples provided the mass fraction value at JSI, which may be the result of sample contamination. As for Hg, the reliability of INAA results was low because Hg may have evaporated during irradiation due to heat generation by nuclear reactions in the samples. Thus, a sealed quartz vial should be used for Hg analysis, and in some cases, making a Hg-complex may reduce the effect of evaporation during irradiation [35] . Because volatile elements, such as Br and Hg, may evaporate during the standard preparations as well as the irradiation process, the pH of the standard solution was kept basic and the cellulose paper was treated with a basic solution prior to aliquoting the standard to prevent evaporation [1] .
Most of the elements show consistent results within the uncertainty as shown in Fig. 4 , but some of elements need to be carefully considered and required further investigation. At KRISS, NIST, and JSI, the Zn mass fraction (mg/kg) values obtained by the INAA method were consistent with the ID-ICP-MS result within a relatively low uncertainty shown in Fig. 4 . Zn has a relatively long half-life ( 65 Zn, T 1/2 = 244.3 days) and minimal background effect, as shown in Fig. 2 , so it was selected first to validate the method at KRISS. A detailed uncertainty contribution of Zn analysis is given in the next section.
For several elements, the mass fractions obtained through the analysis of short-lived [e.g. 49 Ca (T 1/2 = 8.716 min) and 80 Br (T 1/2 = 17.68 min)], and long-lived [e.g. 47 Ca (T 1/2 = 4.536 days) and 82 Br (T 1/2 = 1.4708 days)] isotopes were compared. Irradiation types and isotopes are indicated in Table 2 . In this study, the results of comparative analysis between isotopes are consistent within the element's respective uncertainties.
In the case of Se both INAA methods showed larger uncertainty compared with ID-MS results due to the low mass fraction (0.091 mg/kg) of Se combined with the high Bremsstrahlung background. Standard comparator analysis may be advantageous in Se elements compared to k 0 -INAA method because the uncertainty of the k 0 factor is high for Se in the k 0 -INAA method (about 1.2%) [12] . However, the standard comparator method can optimize gammaray counting conditions, such as sample mass and cooling time, to maximize the precision for a single element. Thus, when participating in the inter-comparison study using the standard comparator method, instead of analysing several elements simultaneously using the multi-element standard, a single element standard is recommended to obtain low uncertainty. A gamma-gamma coincidence study for reducing the uncertainty of analysis was also conducted at NIST for analysis of Se within an identical infant formula CRM [36] .
One can see the data for Cr obtained by NIST and JSI are consistent, however the relatively high uncertainties (NIST about 25%, JSI about 50% k = 2) mostly contributed from between-subsample variations suggest that the Cr in the KRISS infant formula could exhibit some inhomogeneity in smaller sample masses. (In the certificate of the reference material, the recommended minimum sample sizes for a single analysis are 0.2 g (Mg), 0.2 g (Cl), 0.1 g (K), 0.25 g (Ca), 0.25 g (Fe), 0.25 g (Cu), 0.25 g (Zn), and 0.5 g (Se) and the relative standard deviations of elemental contents due to between-sample inhomogeneity are less than 0.27% (Mg), 0.43% (Cl), 0.24% (K), 0.42% (Ca), 0.96% (Fe), 0.80% (Cu), 0.54% (Zn), and 1.04% (Se).)
Application of spreadsheet-based INAA calculations
The applicability of spreadsheet-based calculations for standard comparator INAA data analysis was investigated. The development of calculations based on the basic formula for NAA is necessary to obtain an accurate mass fraction of each element when considering all parameters influencing INAA data results and is also important when considering the aging hardware of nuclear data systems (VMS). The developed INAA calculations included variables for the preparation of the sample and standard, such as multi-element standards, neutron fluence correction using flux monitors, corrections of neutron self-shielding and gamma-ray attenuation, calculation of analyte mass fraction, and uncertainty propagation. The developed calculations were used for this infant formula CRM analysis and validated against the NIST Canberra/nuclear data processing program [20] using the same dataset [37] . A detailed uncertainty contribution of each parameter is shown in Table 3 using an example of the Zn analysis results by NIST and KRISS. The coverage factor was evaluated from the effective degrees of freedom at the 95% conference level. The total combined standard uncertainty (KRISS: 1.04%, NIST: 2.85%) in Table 3 was calculated by taking the root square of combined systematic (KRISS: 0.589%, NIST: 2.79%) and random uncertainties.
In the case of random uncertainties, pooled random uncertainties (0.857%) are used for KRISS because the KRISS results used only two sub-samples (n = 2 and n < 3). For NIST (n = 6) case, the standard deviation of mean of the sample (0.589%) is calculated as the random uncertainty factor. In the standard comparator method, the largest contribution to total uncertainty is the uncertainty resulting from replicate measurements between sample and standard as shown in Table 3 . Although no detailed uncertainty contribution is shown here, the largest contribution to the uncertainty of the k 0 -INAA method is the detector efficiency measurement (~ 2%), k 0 constant (~ 1%), neutron spectrum parameters (~ 1-1.5%), and the true-coincidence correction (~ 1.5%), which is different for each element and depends on whether or not there are a coincidence events [7] . The overall uncertainty of the k 0 -INAA method is conservatively 3.5% [7] and may be smaller or larger depending on the element or counting statics.
Conclusions
In the present study, KRISS infant formula CRM was analysed at NIST, JSI, and KRISS using the standard comparator and k 0 -INAA methods. The standard comparator INAA method has been standardized at KRISS and verified the procedure through Zn analysis. In the present work, spread sheet-based calculations also have been validated for evaluating the data and related uncertainties. All three measurements on Zn determination in infant formula CRM agreed very well with the certified value within the stated uncertainty. In the future we will apply the present INAA methodology for certification of mono-isotopic elements as well as complex matrix CRM analysis. Additionally, most elements were showed good agreement within their specified uncertainties, however, some elements require careful attention to all possible bias of data processing and/or further studies to determine the cause of the discrepancies in results. The INAA results obtained from KRISS are the first INAA data after a long shutdown since 2014. After restarting the HANARO reactor, this data set can verify the validity of the elemental analysis of Zn using the standard comparator INAA method for other matrix CRMs in current and future studies.
INAA methods serve an important role in validation of analytical results for samples that have matrices which are difficult to chemically digest due to the extremely minimal sample preparation required for analysis. However, to further improve INAA it is important to accurately and precisely know the value of the constants used, such as half-lives of which accuracy is being questioned recently [38, 39] . Thus, a strict evaluation of correction factors, such as gamma-ray attenuation, neutron self-shielding, and pile-up effect, is necessary [40, 41] . More precise measurement of fundamental constants would also improve the uncertainty associated with the use of the internal mono-standard or k 0 -standardization, which could serve a valuable role in measuring many elements at once without the need for matrix-matched samples in complex matrices such as industrial materials and environmental samples [42] [43] [44] . Therefore, more effort should be exerted to improve the reliability of the INAA method.
